Vanadium dioxide/titanium dioxide bilayer films have been investigated as a thermochromic coating for application as intelligent window glazings for buildings. The nanostructured VO 2 and TiO 2 films were deposited on fluorine doped tin oxide coated glass substrates using electric field assisted aerosol assisted chemical vapour deposition (ElFi-AACVD) and sol-gel spin coating, respectively. Their thermochromic properties were investigated using scanning electron microscopy, X-ray diffraction, variable temperature UV/Vis/NIR and X-ray photoelectron spectroscopies. Compared to bare VO 2 films, the VO 2 /TiO 2 bilayer films exhibit an increase in visible light transmittance of up to 30%, an increase in integrated luminous transmisttance, with values up to 66%, and a higher transmittance modulation in the near infrared of up to 20% at the thermochromic transition temperature. The TiO 2 top layer not only enhances visible light transmittance, but also serves to protect the VO 2 bottom layer from oxidation. The bilayer films are shown to exhibit photo-induced super-hydrophilicity. These properties are affected by the morphology of the VO 2 under-layer.
Introduction
World-wide total energy consumption has dramatically increased over the last few decades, reaching 9384 Mtoe in 2015.
1 It has been estimated that around 40% of this energy consumption is attributable to temperature and humidity control of buildings, including air conditioning and heating. 2 One of the most important considerations in reducing energy consumption in buildings is the window glazing. Intelligent glazing systems with spectrally selective properties are seen as a practical and innovative method of controling the throughput of visible and solar thermal energy entering and leaving buildings, allowing for significant energy savings. 3 Thermochromic glazings are designed to intelligently control the amount of light and heat (mainly in the near infra-red region) that can pass through the glazing as a function of the glazing temperature. 4, 5 Vanadium dioxide (VO 2 ) exhibits a sharp change in optical properties around a thermochromic transition temperature (T c ) of 68 °C, which is associated with a semiconductor to metal transition, from a low-temperature monoclinic phase to a hightemperature tetragonal rutile-type phase. [6] [7] [8] For this reason, vanadium dioxide based thin films have been extensively investigated as possible smart-window coatings. On heating, the transmittance in the near infra-red (NIR) region decreases significantly at T c , while there is no significant change in transmittance in the UV/Vis region. Whilst VO 2 shows promise as a thermochromic material, its practical applicability is limited by a number of factors, viz.: its high T c value of 68 °C, that ideally needs to be closer to room temperature; 10 a wide thermal hysteresis around T c, ideally the change in transmittance at T c should be large with no hysteresis; 11 generally poor visible light transmittance (T vis ) and poor glazing aesthetics (films exhibit a strong brown colour). 12, 13 Much research effort has gone into lowering the T c value of VO 2 20 Porosity has been demonstrated to have a positive effect on visible light transmittance in tungsten doped VO 2 films with low T c values. 21, 22 Another way of tuning T c is to control the crystallite size within the VO 2 films. 23 Reduction in the crystallite and particle size causes strain, resulting in a lowering of T c . 24 For this reason, nanostructured VO 2 films are of specific interest. 25 For example, a T c of 29 °C was obtained in sol-gel deposited VO 2 films, with average crystallite sizes between 20-50 nm. 23 Warwick et al.
In the present work, the properties of VO 2 /TiO 2 bilayer films produced using a novel combination of electric field assisted AACVD (ElFi-AACVD) and sol-gel spin coating are investigated. The resulting films show enhanced visible light transmittance and good transmittance modulation in NIR, in combination with photo induced superhydrophilicity.
Experimental

Thin Film Preparation
VO 2 thin films were deposited using ElFi-AACVD. The reaction chamber was fitted with electrodes which allowed for an electric field to be applied during deposition. Reactions were carried out in a quartz cold walled reactor, as described previously. [26] [27] [28] Films were deposited on fluorine doped tin oxide (FTO) coated glass substrates (Pilkington) of dimensions 90 mm × 45 mm × 4 mm, which were washed with acetone (Sigma-Aldrich) and isopropyl alcohol (Sigma-Aldrich), sonicated in deionized water for 10 min and dried in flowing N 2 prior to use.
A 0.1 M solution of VO(acac) 2 (0.384 g, Sigma-Aldrich, 99.99%) in ethanol (15 ml, SigmaAldrich) was used as the VO 2 precursor. Aerosols were formed using an ultrasonic humidifier, with nitrogen (BOC, 99.99%) as a carrier gas, at a flow rate of 1.5 L min -1 . The reaction chamber was heated to 440 °C using a graphite block, containing a Whatman heating cartridge, with temperature gradients of up to 50 °C between the top plate and the substrate. The substrate temperature was monitored using Pt-Rh thermocouples. VO 2 depositions were carried out for 15 min.
Three different electric field types were investigated: (1) DC-positive bias, where a DC potential was applied with a positive bias on the bottom plate; (2) DC-negative bias, where a DC potential was applied with a negative bias on the bottom plate; (3) AC, where an alternating current was applied on the bottom plate. The top and bottom plates were separated by 1 cm, allowing the precursor vapour and carrier gas to pass between them. The electric field strength used to produce VO 2 films was 1500 V m -1 . 
General Characterisation
Sample adhesion was tested using the standard Scotch tape test, as well as attempted abrasion using tissue paper and brass and steel styli. were determined at a pass energy of 25 eV, using the binding energy of carbon (C 1s: 284.8 ± 0.2 eV) as a reference. A Shirley background 38 subtraction was applied to obtain the XPS signal intensity. Data were corrected for surface charging effects, prior to fitting using an asymmetric Gaussian/Lorentzian function.
Thermochromic Activity
UV/vis/NIR transmission spectra were measured using a Lambda 950 UV-Vis-NIR spectrometer over the wavelength range 300-2500 nm with an air spectral background. In order to determine the thermochromic properties of the films, transmission was recorded above and below T c by heating the samples on a hot plate. Hysteresis data were obtained for films by heating between ca. 20 °C and 80 °C, using a custom-built heated sample holder. Spectra were recorded at 5 °C intervals on heating and cooling. T c was measured as the mid-point of the hysteresis loop.
Water Droplet Contact Angle
Photo-induced super-hydrophilicity (PSH) was measured through changes in the contact angle of a water droplet on the film surface upon UV irradiation. The samples were irradiated for 30 min in a custom-built light box using a 32 W UVITEC UV lamp, with a main emission wavelength of 254 nm and an incident light intensity of 15 µW cm -2 . In each case, a 3 µl droplet of deionised water was placed on the film surface. The diameter of the drop was then measured after it had settled. Measurements were performed on a Goniometer Kruss DSA100 drop shape analyser, using digital images to record droplet base length and height, from which the contact angles were calculated. If a coating shows PSH after UV irradiation, the water droplet will be seen to spread out with a very low contact angle. Contact angles were measured prior to and post UV irradiation.
Results and Discussion
Crystalline Structure and Physical Properties
All the VO 2 films produced were translucent brown in colour, typical of these films. [26] [27] [28] The films could not be wiped away with tissue, and passed the Scotch tape test. They could not be removed with a brass stylus, but they could be damaged using a steel stylus. VO 2 /TiO 2 bilayer films were lighter in colour compared to the bare VO 2 films and showed good transparency ( Fig.   1 ). These VO 2 /TiO 2 bilayer films also showed good adherence to the substrate, passing the tissue and Scotch-tape tests. They were additionally resistant to damage from both brass and steel styli.
The XRD patterns of representative films are shown in Fig. 2 
Thermochromic Properties
UV-Vis-NIR spectroscopy was used to measure visible light transmittance (T vis ), transmittance modulation (ΔT) in the NIR region and the critical transition temperature (T c ).
Above 1300 nm, the optical properties of all films were dominated by those of the FTO coated glass substrate, which exhibits strong absorption of NIR radiation. Fig. 5 shows the spectral changes in the UV-Vis-NIR transmittance for the studied bare VO 2 As seen in Fig. 5 , all samples showed thermochromic behaviour, with a decrease in transmittance at 80 °C. The maximum transmittance modulation between room temperature and 80 °C occurs at around 1100 nm and therefore, ΔT values and hysteresis plots were obtained from the data collected at this wavelength. All films showed some degree of transmittance modulation (ΔT) at 1100 nm between the cold and hot stages, ranging from 2.0%
for the Vdc-15 sample to 21.7% for the VTdc+15 sample. Integrated luminous transmittance and solar modulation values for the films are tabulated in Table 2 . The bare VO 2 films exhibited higher T lum values than those for films produced by sputtering, 34 and solgel methods. 41 ΔT sol values of the bare VO 2 films varied between 1.3 and 7.7, comparable to similar nanostructured films prepared by other methods.
9,13
The presence of a TiO 2 over-layer is seen to increase T lum significantly in all films, with small differences in ∆T sol between the bare VO 2 and the corresponding bilayer films. This increase in T lum with TiO 2 coating has previously been observed in bilayer films produced by various other techniques. For instance, T lum values increased from 32% to 47% in films produced by RF sputtering, 34 while for sol-gel produced films more modest increases from 42 to 47 % 12 and from 39% to 44 % are observed. 9 Thus the T lum increases seen in the present study are exceptionally high.
Higher values for T lum have been reported, for example Chen et al. 13 obtained a value of 84.8% for T lum , with TiO 2 over-layers, but with a ΔT sol of only 0.9%. Indeed, it has been reported that it is difficult to achieve improvements in both T lum and ΔT sol and that it is often the case of a compromise between higher T lum and slightly lower ΔT sol 13, 34, 42 In the present study, the observed ΔT sol values are comparable with those in other studies. 20, 32, 36 The evolution of transmittance as a function of temperature was characterised through hysteresis plots at 1100 nm. Fig. 6 shows a comparison between the hysteresis plots of the bare Vdc+15 and the bilayer VTdc+15 films. Significant hysteresis between heating and cooling is evident in the bare VO 2 film, as previously reported. 43 The introduction of the TiO 2 top layer causes a significant reduction in the hysteresis loop width to around 10 °C and a reduction of the T c value from ca. 59 °C to ca. 46 °C. However, there is also a significant reduction in % transmittance at 1100 nm from 47% to 33% for the bare VO 2 and TiO 2 coated films, respectively.
The observed reduction of T c in the VO 2 /TiO 2 bilayer films may be due to slight deviations in stoichiometry of the VO 2 layer caused by diffusion of titanium from the TiO 2 top-layer during annealing. 44 This doping phenomenon would be enhanced by the porosity of the VO 2 under-layer. 27 Ti 4+ doping would introduce oxide ion vacancies which disrupt the zigzag chains of the V-V pairs, characteristic of the low-temperature phase, resulting in a decrease of T c . 
Thermal Protection
In addition to increasing the visible light transmittance and NIR transmittance modulation, TiO 2 over-layers have been shown to work as thermal protection layers. 49, 50 In our previous work, we reported that, the application of electric fields caused a reduction in the crystallite and particle sizes, which leads to a higher NIR transmittance modulation and lower T c, compared to films produced in the absence of electric fields. [26] [27] [28] 51 However, the smaller particle size leaves the VO 2 films susceptible to oxidation on thermal cycling, resulting in an irreversible loss of thermochromic properties. The results of the present study are reproducible over three cycles of heating and cooling up to 80 °C, confirming the protective role of TiO 2 in these bilayer systems. In order to assess the extent of thermal oxidation protection offered by the TiO 2 toplayers, previously cycled bilayer films were examined by XPS. Fig.7 shows XPS spectra for selected samples with binding energies summarised in Table 3 . All spectra showed a suggests that they are in fact satellites of this peak. The results therefore appear to confirm the effectiveness of TiO 2 as a protective layer preventing oxidation on thermal cycling.
Wettability
Photoactive TiO 2 films often demonstrate photo-induced super-hydrophilicity (PSH). The degree of PSH can be monitored by observing the change in the contact angle of a water droplet on the film surface upon UV illumination. A wavelength of 254 nm (4.88 eV) was selected to ensure the radiation had a greater energy than the band gap of TiO 2 (3.2 eV). Fig. 8 shows photographs of water droplets on the surface of the studied bilayer films prior to and post UV irradiation for 60 min. As shown in Table 4 , the measured contact angle decreased in all cases after irradiation, with that for the VTdc+15 showing the greatest reduction from 72° to 9°, significantly better than seen for the film where the VO 2 under-layer was prepared in the absence of an electric field (VT0). The observed PSH behaviour is consistent with studies of plain TiO 2 films, which exhibit PSH after UV irradiation. 54, 55 The PSH effect in TiO 2 /VO 2 multi-layer films has been attributed to the creation of oxide ion vacancies (and associated reduction of Ti) at the surface by the UV radiation, leading to sites that are attractive to water molecules and rendering the surface with greater hydrophilicity. However, Takeuchi et al. 56 have suggested that heating effects caused by the UV irradiation are more important and lead to a decrease in surface tension within the water droplets. In fact the effect of temperature on surface tension is well known and for a liquid in equilibrium with its vapour can be described by:
where T is the temperature in K, T c is the critical temperature when surface tension vanishes and γ 0 and n are constants for a particular liquid. While, surface morphology and in particular porosity are very likely to influence surface tension, the observed variation of PSH behaviour between samples, suggests an influence of the VO 2 under-layer morphology, rather than that of the TiO 2 top layer, with the films with the least porous VO 2 under-layers showing the strongest PSH effect. This may be attributable to the extent of the interfacial region formed between the VO 2 under-layer and the TiO 2 top layer, with the films with the most porous VO 2 under-layers likely to exhibit larger interfacial regions with TiO 2 penetrating more extensively during toplayer deposition. While this is expected to have little influence on oxide ion vacancy creation at the TiO 2 surface, the improvement of heat flow from the TiO 2 layer to the VO 2 under-layer could lead to a reduced thermal effect from the UV radiation at the TiO 2 surface.
Conclusions
The electric field modulated AACVD reaction of VO(acac) 2 
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